Microsatellites play an important role when investigating population and ecological genetics, although high effort in development and genotyping constitute a technical constraint and remains a major bottleneck. Here we use a microsatellite genotyping approach utilizing sequences of amplicons for allele calling (SSR-GBS) based on Illumina that requires less effort and time. The approach consist of development of highly polymorphic loci, sequencing of multiplexed PCR amplified microsatellites on an Illumina Miseq PE 300 platform and bioinformatic treatment of the sequenced data using custom scripts. The procedure allows automation in allele calling, which can be more reliably replicated and thereby removes biases that might prevent concatenation of datasets from different analyses. Additionally, the methodology enhances information content in the sequenced data beyond the traditional amplicon length (AL) approaches. Using 26 newly developed microsatellite markers and SSR-GBS we investigate the population genetic assessment of anthropogenically altered populations of East African Nile tilapia to show the potential of this genotyping approach. More precisely, we compare genotypic data generated considering AL and whole amplicon information (WAI). We found that genotypes based on WAI are not only able to recover a higher number of alleles but also a more detailed genetic structure pattern. We discuss the capability and importance of WAI allele calling and show perspectives for implementation in the future conservation genetic studies. More specifically, we demonstrate how the current markers and techniques might contribute useful information for studies concerning resources sustainable exploitation and conservation using the East African Nile tilapia.
Introduction
Microsatellites/simple sequence repeats (SSR) or short tandem repeats (STRs) have proved reliable as ideal genetic markers in population genetic studies (Guichoux et al. 2011; Selkoe and Toonen 2006; Schlotterer et al. 1991) . This is due to their important attributes including, but not limited to, their ubiquity in the genome, co-dominant inheritance, high polymorphism and reproducibility (Sundaray et al. 2016; Selkoe and Toonen 2006) . Although there is a growing set of other markers and sequencing techniques, SSRs are still one of the leading genotyping options based on their methodological simplicity. Additionally, the use of these markers is further rendered reliable following the genesis of next-generation sequencing (NGS) technologies and the identification of numerous loci in non-model species accompanied by reduced costs (Guichoux et al. 2011; Curto et al. 2013) . Nevertheless, many of the previous genetic studies on Nile Tilapia, have utilised finger print methods (Mwanja et al. 1996 (Mwanja et al. , 2008 Agnèse et al. 1997; Seyoum and Kornfield 1992) . These methods have limited information content (e.g. Liu and Cordes 2004; Miah et al. 2013; Okumuş and Çiftci 2003; Guichoux et al. 2011 ). Traditionally developed SSR had been employed, but frequently with low number of loci investigated and the resulting low amount of statistical power, (e.g. Bezault et al. 2012; Lee and Kocher 1996; Hassanien and Gilbey 2005; Tariq Ezaz et al. 2004) .
Normally, SSRs are genotyped by using the fragment length variation, through capillary electrophoresis. In most cases, due to the high mutation rates of the repetition motifs, this is sufficient to generate adequate amounts of variation at the intraspecific level. However, considering the amplicon length (AL) variation alone might miss out other useful polymorphic information. By genotyping microsatellite markers via high throughput sequencing methods such as Illumina, it is possible to compare AL and whole amplicon information (WAI) allele calling procedures, and ascertain variations in the amount of genetic information generated (De Barba et al. 2017) . Other advantages of using high throughput sequencing for microsatellite genotyping include, the automation and replicability with low cost of the genotyping process (De Barba et al. 2017; Vartia et al. 2016; Zhan et al. 2017) . Using available bioinformatic tools, one can either automatize or at least significantly decrease the level of artefacts in allele calling and thereby elevating information content of the marker. This p facilitates the reproducibility of the genotyping process, in comparison to the traditional electropherogram length frequency (AL) procedures De Barba et al. 2017 ). In the current study, we expect this method (WAI allele calling), which we refer to as SSR-GBS (Simple Sequence Repeats-Genotyping By-Sequencing), to become more informative and subsequently widely adopted as an important tool for genotyping. We test this assumption using the East Africa Nile tilapia as a case study based on their historical dynamics (Balirwa 1992; Kaufman 1992; Ogutu-Ohwayo 1990) .
The East African Nile tilapia (Oreochromis niloticus, L. 1758) is an important species for augmenting aquaculture and capture fisheries. The cichlid is native to lakes Albert, George, Edward, Turkana, and Baringo among others, as well as the lower Nile River (Ogutu-Ohwayo 1990) . However, human activities, might have had an effect on the native populations through the introduction of potentially maladaptive traits through translocations and promoting bottlenecks by overfishing. Additionally, the activities like transplantations of Nile tilapia into numerous non-native habitats including lakes Victoria, Kyoga, Nabugabo, many satellite water bodies and other systems, like aquacultural set-ups (Welcomme 1966; Balirwa 1992 ) might have altered the species' genetic structure through admixture promoted by hybridization with closely related indigenous species. Broadly, the contrast between native and non-native Nile tilapia stocks in the context of anthropogenic influence remains under-documented (Mwanja 2000) . Although Nile tilapia fishery is vital for the livelihoods in East Africa, management of this important resource against detrimental anthropogenic activities is unfortunately inadequate due to insufficient research (Njiru et al. 2007; Ogutu-Ohwayo 1990) . Therefore, the use of more informative microsatellite datasets, might contribute to efficiently characterise the populations (Hedrick 2001; Oliveira et al. 2006) .
Here, we investigate the potential of the SSR-GBS approach by describing the genetic variability and structure of East African Nile tilapia. This study is a proof of concept testing the ability of SSR-GBS in producing genotype data with a higher statistical power than the traditional SSR amplicon length genotyping due to its potential in recovering SNPs associated with SSR motif variation. This provides a higher number of alleles and reduces the length homoplasy effect that is characteristic to this marker system. We demonstrate this by comparing the importance and strengths of the two allele calling methods (WAI and the AL, similar to the traditional electropherogram methods). As a side product of this work, we develop a set of SSR markers for Nile tilapia and test their applicability on other tilapiine species.
Materials and methods

Sample collection
The East Africa (Uganda) Nile tilapia samples were collected monthly overnight between July and December 2016, as part of commercial catches of local fishermen using the East Africa member states recommended 127 mm of gill nets. The sampling sites were defined upon advice from law enforcement fisheries officers, together with local fishermen and sampling sites recorded using a Global Positioning System (GPS). On landing, muscle tissue samples were taken immediately, preserved in absolute ethanol and later stored under − 20 °C, except during transportation. The species are not protected, but rather fished commercially, and sampling was performed by members of a government institution (National Agricultural Research Organization of Uganda), hence no other permission was required. Apart from one non-native population (Lake Victoria), the other three populations (Lakes Albert and George and River Nile) are native. In total, we collected 107 Ugandan individuals (Table 1 ). All animal rights were observed during the field excursions. Fish was obtained as part of commercial fishing operations by local fishermen and killed in this process.
For SSR development, we used a single Ethiopian Nile tilapia sample (Lake Ziway), which was accessed through a selective breeding project at the Institute for Integrative Nature Conservation Research-BOKU, Vienna. From this sample, fresh fin clips were taken, implying that there was no fish sacrifice. The Ethiopian sample was later used for low coverage total DNA shot gun sequencing for SSR marker discovery prior to East African sampling. We also sampled Ethiopian Tilapia zillii for cross-species amplification tests.
DNA extraction
A piece of ethanol-preserved tissue muscle (approximately 0.1 g) was digested overnight in 500 µl lysis buffer (2% SDS, 2%PVP 40, 250 m MNaCl, 200 M Tris-HCl, 5 mM EDTA, pH8) containing 200 ng of proteinase K enzyme. Genomic DNA extraction was carried out using magnetic beads (MagSi-DNA beadsMagnaMedics) and a magnetic separator SL-MagSep96 (Steinbrenner, Germany) following a modified MagSi-DNA Vegetal kit protocol. DNA binding was carried out by mixing 17 µl of beads with 500 µl each of binding buffer and clear lysate in a 2 ml 96 well plate. Bound DNA beads were then washed twice in 80% 600 µl cold ethanol. Later, DNA was eluted twice by adding 50 µl (first elution) and 70 µl (second elution) of elution buffer (65 °C 10 mM Tris-HCl, pH 8.3), following the above-mentioned kit protocol. The quality of the extracted DNA was inspected on 0.8% agarose gel.
SSR discovery
High quality extracted genomic DNA from the Ethiopian sample was sent for library preparation on the Illumina MiSeq paired-end (PE) 300 sequencing platform (San Diego, USA) as described in Shendure and Ji (2008) ; Castoe et al. (2012) . Both library preparation and sequencing were done at the Genomics Service Unit, Ludwig-Maximilian's-Universität München, Germany. Sequences generated by Illumina Miseq were quality checked using FASTQC (Andrews and FastQC 2010) and trimmed for the removal of adapter sequences and low quality regions (Phred < 20) using CUTADAPT vers. 0.11.1 (Martin 2011) . Forward and reverse reads were merged using PEAR version 0.9.4 (Zhang et al. 2014) considering only minimum overlaps of 15 bp with a p-value below 0.01 for the highest observed expected alignment scores. Later, the sequences were screened for microsatellite motifs (from di to penta nucleotide repeats) using the SSR_pipeline program (Miller et al. 2013) . Here, we considered sequences with at least 10 repeats for 2mers, eight for 3mers, and six for 4/5mers. A total of 6,724 SSR motif reads were revealed comprising 4,629 2mers, 818 3mers, 868 4mers and 409 5mers. For subsequent primer design, sequences of equal or greater than 350 bp long and microsatellites with flanking regions longer than 30 bp were considered. This length was chosen to facilitate detection and elimination of primer dimer and other low molecular weight artefacts from the specific amplification products using the washing method described below. Considering the inclusion of 60 bp oligonucleotides in the PCR as a multiplex assay, such artefacts are difficult to suppress. Artefacts can be unequivocally detected using gel electrophoresis and discarded using magnetic beads. In addition, longer sequence information is higher chances of recovering extra information on the flanking sites that may contribute to the increase on the number of alleles. Raw reads were submitted to Sequence Read Archive (SRA) database with the reference number SRX3398501.
Primer design for amplicon sequencing
Specific PCR primers were designed in Geneious software version 10.3 (Kearse et al. 2012 ) using the default Primer3 program (Untergasser et al. 2012) . Manual primer3 adjustments were set at 55 °C for optimal primer melting temperature, with a GC content in the range of 20-50-80, optimal oligo length between 18-20-23 bp, and amplification product size between 350 and 450 bp. We designed primers in a way that the complete primer motif would be included in the first or last 300 bp of the amplicon being able to be covered completely by one of MiSeq's paired reads. This prevents that the repetitive unit is part of the overlap of the paired reads which would lead to difficulties with the merging step in the bioinformatics pipeline. Here, 48 primer pairs were designed. We decided to develop primers from own shot gun sequences instead of published Nile tilapia genomic information to increase the likelihood that markers fit on East African populations. However, the availability of a Nile tilapia genome from the GenBank accession number MKQE01000000, allowed us to screen the entire sequences containing microsatellites used for primer design for potentially duplicated markers, using BLASTn (Basic Local Alignment Search Tool for nucleotides). BLASTn outputs provide a list of pairwise alignment matches and sequence hits above which a statistical threshold is displayed (Xiong 2006 ). In the current study, BLASTn-aligned sequences were selected if the E-values were zero. The E-value is comparable to the probability value p, as the least value suggests a lower likelihood that the database matches are a result of random chance, but rather the database matches display a significant similarity (Xiong 2006) . Only primers that originated from sequences showing single matches on the genome were considered because they were more likely to represent single copy regions. Of the 48 primer sequences initially mapped on the genome, 13 primers were found more than once in the genome and subsequently discarded, thus leaving 35 primer pairs. Although higher numbers of microsatellite markers can provide robust population genetics results (Capote et al. 2012; Ryman et al. 2006) , generally a number of microsatellite loci in the range of 8-20 are considered adequately informative to determine genetic structure between populations (Arthofer et al. 2018; Vartia et al. 2014; Koskinen et al. 2004 ). In the current study, the initial 48 primer pairs resulted in a number sufficient to test genetic structure patterns in east African Nile Tilapia. Nevertheless, more markers can be easily added with the procedure and resources presented here. For Illumina sequencing, primers were extended by part of the Illumina adapters P5 (TCT TTC CCT ACA CGA CGC TCT TCC GATCT) and P7 (CTG GAG TTC AGA CGT GTG CTC TTC CGA TCT ) at the 5′ end of the primer forward and reverse, respectively (Fig. 1) . These correspond to the Illumina sequencing primers and served as a linker for the second PCR where the remaining parts of the adapters are added. This procedure was conducted using primers containing all the components necessary for Illumina sequencing. In this second (index) PCR, for each sample, we used a novel combination of two different indexes of 8 bp, P5-(AAT
GAT ACG GCG ACC ACC GAG ATC TACAC[Index]ACA CTC TTT CCC TAC ACG ACG) and P7-(CAA GCA GAA GAC GGC ATA CGA GAT [Index]GTG ACT GGA GTT CAG ACG TGT ).
This was vital for allowing the pooling of a large sample size in the down-stream analysis. After the second PCR, Fig. 1 Amplicon library preparation approach. We used two-step PCR procedures: In the first PCR, the microsatellite was amplified with locus specific primers (blue) and extended with part of the Illumina adapter (orange). This motif serves as linker for the second PCR where the remaining parts of the Illumina adapter were included. The primers in the second PCR from 5′ to 3′ are constituted by: a region complementary to the linker corresponding to the Illumina sequencing primer (orange), Index information used for sample identification after pooling (yellow), and Illumina flow cell binding motif (white). (Color figure online) the resulting amplicons had following parts from 5′ to 3′ ( Fig. 1): (1) P5 motif for flow cell hybridization, (2) index 1 of 8 bp, (3) P5one sequencing primer, (4) specific forward primer, (5) target DNA for sequencing; specific reverse primer; (6) P7 sequencing primer, (7) index 2 of 8 bp, and (8) P7 motif for flow cell hybridization.
SSR primer testing
To ascertain the applicability and usability of the developed primers, we first amplified them in singleplex reactions to tested two scenarios: (1) transferability of the developed primers on East African Nile tilapia, and (2) cross-species amplification of T. zillii. The amplification success rate of the candidate loci during PCR reactions was tested by assaying a Nile tilapia sample from Uganda. For cross-species amplification, only two genomic DNA samples for T. zillii were tested on a panel of 35 SSR loci. PCR reactions were conducted in a 10 µl total volume. All primer pairs were tested using the QIAGEN Multiplex PCR Master Mix (Qiagen, CA, U.S.A) kit. PCR reaction volume during Nile tilapia amplification was composed of 5 µl Master mix, 4 µl primer mix and 1 µl genomic DNA. Primer mix was a combination of 1 µl Reverse primer + 1 µl Forward primer (100 µM each), plus 98 µl of water. Finally, the cycler reaction mixtures were performed based on the following PCR profiles: initialisation at 95 °C for 15 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 60 s, elongation at 72 °C for 60 s and final extension at 72 °C for 10 min. The success of the PCR products was tested by electrophoresis on 1.8% agarose gel. Here, 33 primer pairs were successfully identified in specific PCR products, which subsequently were used for the multiplex PCR approach on Ugandan Nile tilapia populations. Successful markers for cross-species amplification were based on the PCR singleplex gel products based on two replications.
PCR multiplex and Illumina sequencing
All 33 gel-screened primers were combined in a single multiplex reaction. PCR reactions were carried out in a 10 µl total volume containing 5 µl Master mix, 2.5 µl water, 0.5 µl primer mix (1 µM each) and 2 µl genomic DNA. Thermal cycler profiles were analogous to the single-plex PCR. The resulting PCR products were purified using magnetic bead procedures, following slight modifications from AgencourtAMPure XP PCR Purification protocol. Here, we mixed 4 µl PCR products with 2.86 µl of AMPure XP beads (Beckman Coulter, Inc, Bree, CA) and incubated for five minutes at room temperature. Bound DNA beads were captured by an inverted magnetic bead extraction device, VP 407-AM-N (V&P SCIENTIFIC, INC) and washed twice in 200 µl of 80% ethanol for 45 s. Later, the beads were dried at room temperature for five minutes and eluted in 17 µl of elution buffer (65 o C10 mM Tris-Hcl, pH 8.3). The second (index) PCR was performed in a total reaction volume of 10 µl, containing 5 µl master mix, 2 µl each of index primer (1 µM) P5 and P7, and 1 µl of template purified PCR products. PCR was run with the following thermocycler conditions: 95 °C for 15 min, followed by 10 cycles of denaturation at 95 °C for 30 s, annealing at 58 °C for 60 s, elongation at 72 °C for 60 s and final extension at 72 °C for five minutes. Finally, all the PCR products were pooled and sent for PE 300 bp sequencing in an Illumina MiSeq at the Genomics Service Unit at Ludwig Maximillian Universität, München, Germany. The samples used in this work occupied 11% of the MiSeq run.
Sequence analysis and SSR-GBS genotyping
Reads from Illumina were quality controlled and merged as described in "SSR discovery". Overlap was only possible because SSR motifs were covered completely by one of the paired reads. The resulting sequences should start with the forward primer and end with the reverse and we used this criterion to de-multiplex the sequences according to primer content, creating one fastq files per sample and locus using script 1 (Supplementary material Table S4 ). This script looks for mismatches between the amplification primers from the beginning (forward) and the end (reverse) of the sequences. Only reads with a mismatch to both primers below two base pairs were considered. From this step the allele calling was performed in two steps: first using the AL, which resembles the traditional SSR genotyping, and then by considering possible SNP variation within alleles of the same length recovering the whole amplicon sequence information (WAI). After each step, a codominant matrix was produced allowing for a comparison between data that would be produced by tradition SSR genotyping to the one from SSR-GBS. Allele calling based on AL incorporates length variation at the repetition motif plus possible indels in the flanking regions. All types of length variation and SNPs are used as information with WAI because two amplicon sequences were only considered as the same alleles if they were equal.
To call alleles using AL, we calculated the length distribution per sample and per locus using script 2 producing files containing the number of times each length occurs per marker and sample (Supplementary material Table S4 ). Then we used the script 3 to automatically call the alleles and plot histograms based on sequence length resembling the chromatograms obtained in traditional SSR genotyping (Supplementary material Table S4 ). Only genotypes with a minimum depth of 10 reads were considered. Automatic allele calling considered homozygous genotypes if there was a length with a frequency equal or above to 90% of the total 1 3 number of reads. Heterozygous genotypes were assumed if the frequency of two lengths was above 90% of the reads and if the frequency of both lengths did not differ by more than 20%. In case these criteria were not matched, the genotypes were marked for manual control. Nevertheless, all possible genotypes were manually controlled with the aid of the produced histograms.
For WAI allele calling, the sequences with the same length of the alleles defined in the AL step were extracted and used to produce a 70% consensus sequence per length class. The extraction of sequences per length allele was done using the script 4 and the consensus sequence the script 5. In the 70% consensus, the positions with the most common nucleotide of frequency below 70% were coded with the ambiguous base "N" and considered as potential heterozygous SNPs. These sequences were divided into two files based on the two most frequent nucleotides for that position using the script 6. In case more than one potential SNP was found, these positions were considered as linked and the two most frequent nucleotide combinations were recovered. We observed, that chimeric sequences could occur between alleles that differed by more than one SNP. This causes the occurrence of sequence states intermediate between the alleles. In each case these intermediate states were less frequent and could be unambiguously resolved visually, either by comparing them to other alleles in the sampling, or by including the sequence length as additional information. However, these occurrences were rare. Only in a few cases which were not considered due to low overall read counts more than two similarly frequent nucleotide combinations were found. Similarly, the two most frequent combinations between a SNP and length signal was called as allele in samples that were heterozygous with AL. WAI allele calling was finally done using scrip 7 where a number was attributed to each unique sequence (allele) and saving this information in a codominant matrix. All scripts are available in GitHub (https ://githu b.com/mcurt o/SSR-GBS-pipel ine) and detailed description of script 1-script 7 is given in supplementary table S4. The sequence analyses resulted in 26 loci with genotypes for most of the samples that were used for further statistical assessment. Raw reads can be found in the SRA database with the references SRX3398667 to SRX3398776.
Statistical analyses
Descriptive population genetics analyses for SSR loci were determined using various programs. The software MicroChecker version 2.2.0.3 (Van Oosterhout et al. 2004) , was used to estimate the presence of null alleles, evidence of allele drop-out, or stuttering during PCR amplification. Test for deviations from Hardy-Weinberg Equilibrium (HWE) and calculations of the fixation index (Fis) were performed in GenePop version 4.6.9 (Rousset 2008). Markov chain parameters for all tests in GenePop were run at 10,000 dememorizations, 100 batches and 5000 iterations per batch and Fis values were recorded (Weir and Cockerham 1984) . Fis was specifically determined to assess the type of HWE on the populations, in aspects of excess or deficiency heterozygosity (Dorak 2014 ). Here, positive or negative Fis values indicate excess homozygosity or excess heterozygosity (outbreeding) respectively (Dorak 2014) . Observed heterozygosity (Ho), expected heterozygosity (He) and loci polymorphic information content (PIC) were determined using Cervus software version 3.0.7 (Kalinowski et al. 2007) . Allelic richness and number of alleles per locus were calculated with Fstat program version 2.9.3.3 (Goudet 2001). To further assess the extent of informativeness and hence usability of the developed markers, we tested the genetic structure and principle coordinate analysis (PCoA) on the four Nile tilapia populations using STRU CTU RE version 2.3.4 (Hubisz et al. 2009 ) and GenAlex version 6.5 (Peakall and Smouse 2006) , respectively. STRU CTU RE classifies populations by genetically allocating them into groups whose individuals share similar patterns of variation (Porras-Hurtado et al. 2013) . The program further is rendered useful as it can identify subpopulations of the whole population by maximizing HWE linkage within potential subpopulations (Porras-Hurtado et al. 2013) . STRU CTU RE was set at 100,000 burn-in period and the application of Markov Chain Monte Carlo (MCMC) was run at 500,000 replications, with each cluster (K) assigned to 10 iterations. STRU CTU RE default settings for the admixture model and allele frequencies correlated were implemented. For inference to the K that best suits the data, we ran STRU CTU RE HARVESTER. Here, the program collates STRU CTU RE results and validates multiple K values for optimal detection and thereby depicts the best K value from tens or hundreds of iterations (Earl and vonHoldt 2012) , as indicated in the supplementary material Table S1 , Fig. S1 and Fig. S2 . Similarly, for presenting informative genetic STRU CTU RE outputs, we ran the CLUMPAK clustering Markov package pipeline across the K values for summation and graphical representation of the results obtained from STRU CTU RE (Kopelman et al. 2015) . From these analyses, we present and compare the results regarding; PIC, number of alleles (Na), allelic richness (Ar), HWE per population, Fixation index (Fis), PCoA, and STRU CTU RE based on the two allele calling methods, AL and WAI.
Results
From the 2,404,293 paired reads generated for primer design, 6,724 contained SSR motifs and complied with our quality criteria. Out of the 35 developed SSR primer pairs, only 26 successfully amplified most of the Ugandan Nile tilapia samples used (Table 2 ). Both 2mers and 3mers dominated (each eight in number), followed by 4mers and 5mers; each seven in numbers. For SSR-GBS, we generated a total number of 4,783,118 paired reads, of which 1,738,315 passed our quality control procedure, yielding an average number of 181 reads per marker and individual. In total, 12% of the called alleles were flagged for manual control, between 0 and 73% per locus. However, only in four loci most genotypes could not be determined (39-73%), mainly because of a frequently occurring unspecific product or length polymorphisms out of frame of the microsatellite motif and thus easy to correct. Without these markers only about 3.5% were flagged.
Not all of the developed markers were very informative based on the genotyping results (Table 2; Fig. 2 ). For instance, two loci, Ti27 and Ti28, exhibited two alleles, which were the lowest number of alleles indicated by WAI, but with AL showing only one allele for locus Ti27 ( Table 2) . The same loci, Ti27 and Ti28, indicated similarly the least allelic richness of less than 2 considering both allele calling methods (Table 2 ). In general, the rest of the loci indicated allelic numbers and richness ranging from 3 to 56 and from 1.8 to 13.9 respectively (Table 2; Fig. 2a ). In total for the whole dataset, AL resulted in 270 alleles compared to 407 alleles using WAI (Table 2) . Similarly, WAI yielded a total of 157 allelic richness contrary to AL with a total of 140 ( Table 2 ). The analysis consistently recovered higher values for number of alleles when we used whole sequence information rather than sequence length for a specific population per locus (Fig. 3) . For instance WAI generated, for Lake Albert, 212 alleles compared to 157 for AL; for Lake George, 222 compared to 187 for AL; for River Nile, 129 compared to 110 for AL; and for Victoria, 207 compared to 170 for AL ( Fig. 3 ; Supplementary material Table S3 ). Number of alleles based on the two allele calling methods was congruent to allelic richness where WAI presented higher values than AL throughout the loci (Supplementary material Table S2 ).
The PIC per locus generally varied from 0.03 to 0.94 with WAI and 0.00 to 0.93 based on AL (Table 2 ; Fig. 2b ). The WAI procedure displayed 18 loci with a polymorphic information content (PIC) ≥ 0.50, contrary to the AL with14 loci (Table 2 ; Fig. 2b ). WAI exhibited four loci with a PIC > 0.25 and < 0.50 and four loci with a PIC < 0.25. Contrary, AL revealed five loci with a PIC > 0.25 and < 0.50 and seven loci with a PIC < 0.25 (Table 2 : Fig. 2b ). Based on WAI, the expected and observed heterozygosity ranged from 0.00 to 0.94 and 0.00 to 0.89, respectively ( Table 2, Table S8 ). On average, WAI recovered, respectively, an Ho and an He of 0.51 and 0.61, while AL an Ho and an He of 0.46 and 0.51, respectively (Table 2) . For cross-species amplification, a total number of 22 loci exhibited positive amplification on T. zillii, albeit four indicated weak gel bands. Interestingly, four loci (Ti10, Ti11, Ti21 and Ti25) that initially showed negative results following the Nile tilapia amplification reportedly tested positive with T. zillii (Table 2) .
Test for Hardy-Weinberg Equilibrium (HWE) for WAI and AL within the four Nile tilapia populations showed in four markers consistent deviations in all populations (Ti, 22, Ti29, Ti31, Ti35) . Congruence between results of tests for HWE and of Micro-Checker indicate that this stems from the presence of null alleles (Table 3 and Table S5-7) . This is also supported by Fis values, indicating deviations from HWE due to heterozygosity deficiency (excess homozygosity) for almost all loci. When all samples considered, the populations GN and RNK showed deviations at additional 4 and 3 loci respectively, of which 4 occurred with both allele call methods and three only with WAL. Populations of Lake Albert and Lake Victoria indicated the majority of loci deviating from HWE (additional 7 or 12 loci respectively), 11 of the deviations occurred with both allele call methods, 5 only with WAI and 2 only with AL. The high amount of deviations from HWE in these populations is consistent with the subpopulation structure indicated in the STRU CUR E analysis.
In the STRU CTU RE analysis using STRU CTU RE HAR-VESTER based on WAI and AL, K = 5 and K = 2 were, respectively, the best K values for the populations (Fig. 4 ; Fig. S1 ; Fig. S2 ; Table S1 ;). Results from K = 2 up to K = 5 are shown, to include also the population number used in this study (Fig. 4) . K values from 6 to 10 were uninformative and therefore were not considered based on STRU CTU RE HARVESTER outputs (Table S1 , Fig. S1; Fig. S2 ). In comparison, STRU CTU RE results in more ambiguous clustering for AL than WAI. (Fig. 4b) . STRU CTU RE results indicated a separation among all populations only for WAI (Fig. 4) . At K = 5, the separation between the River Nile and Lake Albert populations for WAI was not evident in the AL results. Moreover, substructure within the Lake Albert and Victoria populations is indicated at K 4 and 5 by assigning single individuals within one of the lakes to other clusters (AN18 for Lake Albert, and VKM 10 and 13 for Lake Victoria). Generally, STRU CTU RE analyses were consistent with PCoA results where a slight division between the populations is indicated (Fig. 5) . Here, Lake Albert is connected to the Nile which is reflected also in the analysis. Albert and the Nile populations are assigned to the same cluster. Lake George individuals are assigned to their own cluster at K = 2 to K = 5. Lake Victoria populations seem less strongly divided from Lake Albert than George (Fig. 5) .
Excluding the individuals in Lake Albert and Victoria populations that were assigned to different clusters, a test for HWE and for null alleles using Micro-Checker, indicated no pronounced deviations from HWE with no differences between the allele call methods (Table 3; Table S6 ). The only significant signals were for the above-mentioned four markers for all populations, besides that only three to four markers showed deviations in single populations. Of a total of 12 occurrences, 8 applied to both methods, and 3 only to WAI and 1 only to AL.
Discussion
With the genesis of high throughput sequencing methods, the classical genotyping approaches can be modified to recover a high level of information and to increase automation. This decreases the necessity for technical expertise in SSR genotyping that remains one difficulty despite the widespread use of the markers worldwide (Sunnucks 2000; De Barba et al. 2017) . Constraints in allele call for SSR genotyping include the occurrence of null alleles, stutter bands as result of the slippage artefact in PCR reaction or allele dropout caused by amplification or fragment measurement (Vartia et al. 2016) . In this study, we compared the information usually recovered from traditional electropherogram (AL) frequency distribution for scoring microsatellite genotypes with WAI for allele scoring/calling procedures. To a greater extent, the two allele calling procedures varied in generating the number of alleles, allelic richness, PIC, and genetic structure, of the studied Nile tilapia populations. Here, WAI approach consistently indicated to be more informative in aspects of cataloguing these herein mentioned genetic characteristics in contrast to the AL frequency procedure. However, this was unsurprising because unlike AL procedure, WAI approach systematically surveys the entire sequence hence summarising variability from the repetition motif and SNPs in the flanking regions. In our findings, the high level of variation also resulted in a genetic structure where every population could be characterized by its own cluster, which was not possible when AL was considered. One obstacle in the traditional microsatellite genotyping approach is attributed to genotyping artefacts and biases which originate from equipment specifications and different laboratory methods. With SSR-GBS, because the entire sequence information is utilised, this may no longer be a problem. This approach Fig. 2 Comparison between allele calling methods; whole sequence information (dark grey) and amplicon length (white). This was performed using number of alleles (Na) and polymorphic information content (PIC) for each of the 26 SSR loci. a, b represent PIC and Na per locus respectively (WAI) will allow for the creation of reliable and informative SSR genotype databases that can be used for meta-analytical studies and long-term projects with the contribution of several research groups. For the reasons stated above, it is expected that SSR-GBS will become a standard practice in conservation genetics. Despite a few loci indicating PIC values of less than 0.25, most of the developed markers were polymorphic and informative. PIC values were congruent with the expected heterozygosity and allelic numbers/richness among the populations, translating into their capability and reliability for molecular genetic analyses. In genetic marker development, heterozygosity and PIC are seen as important attributes to estimate information content of loci and their applicability in down-stream analysis (Nagy et al. 2012; Chesnokov and Artemyeva 2015) . In the current study, our analysis indicated 18 loci with PIC values above 0.5 and 4 loci with PIC values below 0.5 but above 0.25. Here, the informative loci summed up to 22. According to Botstein et al. (1980) , highly informative markers should have a PIC value of greater than 0.5, reasonably informative markers a PIC of greater than 0.25 and slightly informative markers of PIC of less than 0.25. Therefore, even though 18 loci exhibited a PIC greater than 0.5, it is likely that the remaining loci (4) with a PIC greater than 0.25 are also useful if combined with the former during genotyping (Sunnucks 2000) . Zane et al. (2002) showed that the use of several loci can increase the sensitivity of population genetic analyses and by using SSR-GBS the number of loci can easily be increased.
From the 26 tested loci, four loci deviated from HWE for most studied populations. Positive Fis and Micro-Checker results indicated that this might be caused by allele null alleles, a known limitation of amplification based genotyping approaches where one of the copies in a heterozygote individual is failed to be detected and genotyped as homozygote (Selkoe and Toonen 2006) . WAI did recover more information and might have allowed to observe undetected subpopulation structure within the lakes investigated. Based on STRU CTU RE results this was the case of the lakes Albert and Victoria, which harbour populations with individuals assigned to multiple clusters. In accordance to this, is the finding that a higher number of loci deviate from HWE in these populations. Given the translocation and artificial stoking background especially of lake Victoria, substructure might be caused within these populations due to human mediated admixture between distinct gene pools (Tibihika et al. 2018) . Further studies will focus on how Nile tilapia stocks were affected by this anthropogenic activity. Values in brackets indicate total number of alleles generated from the two allele calling procedures
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The genotyping based on WAI showed slightly more loci deviating from HWE than with AL (3 vs 1 after exclusion of individuals that cause substructure within populations). Since the WAI genotyping is able to detect a higher number of alleles, such effects might become more likely using this method.
Cross-species amplification results were unexpected given the genetic distance between Nile tilapia and Tilapia zilli (Elghobashy et al. 2005) . A total of 18 loci strongly amplified T. zillii genomic DNA. Four loci (Ti10, Ti11, Ti21 and Ti25), which showed negative results for Ugandan Nile tilapia amplification, were positive with T. zillii. This suggests the existence of allele drop out in Ugandan Nile tilapia, while the individual from Ethiopia shared alleles with T. zillii. The capacity of SSR markers to cross amplify species might also be locus-dependent (Gen-Hua et al. 2010) , although species' phylogenetic relationships or homoplasy could play a role (Bezault et al. 2012) . The pattern of cross amplification between the species might here be explained by factors like outbreeding/hybridisation or admixed populations (Barbara et al. 2007 ).
Conclusions
The development of SSR-GBS has enhanced microsatellite analysis. The Illumina approach genotyped SSR loci successfully, demonstrated polymorphism and their usability in down-stream applications such genetic diversity and structure. We expect that also other analyses like pedigree analysis, gene flow and hybridisation, genetic linkage maps, etc. can be facilitated by the method. SSR genotyping that .00 4.00 8.00 6.00 6.00 4.00 8.00 5.00 NLwi 3.00 6.00 2.00 3.00 6.00 7.00 3.00 5.00 uses automated WAI for allele calling greatly reduced bias and artefacts, and thereby yielded more information than the commonly employed traditional AL. The reproducibility of the method could be vital for Nile tilapia breeding programs, because genotyping from multiple generations across a long period of time are directly comparable. STRU CTU RE, PCoA, PIC and He results suggest that the majority of the presented 26 loci, particularly the 22 polymorphic loci, are highly informative for comprehensively studying the Nile tilapia population patterns. In addition, this number Fig. 4 Genetic structure bar plots for the four East African (Uganda) Nile tilapia populations based in cluster assignment probability calculated in SRUC TUR E for the best values of K = 5 and K = 2. a represents Nile tilapia genetic structures inferred from whole amplicon information and b from amplicon length allele calling methods
Fig. 5
Principle coordinate analysis (PCoA), depicting genetic similarities/variabilities between the four East African (Uganda) Nile tilapia populations. a represents PCoA results from whole amplicon information and b from amplicon length allele calling methods can be easily increased using this approach. The findings from the current study should aid in a more integrative and comprehensive approach towards restoration, management and conservation of the East African Nile tilapia and related species. Future studies should consider the application of SSR-GBS for Nile tilapia congenerics; Oreochromis variabilis and Oreochromis esculentus (Ngege), as the species have been recorded as endangered. Knowledge about the genetic-make of the herein studied tilapiines might be useful for restoration and subsequent conservation.
